Summary Background Data: Saline-linked surface radiofrequency (RF) ablation is a new technique for applying RF energy to surfaces. The surface is cooled, which prevents charring and results in deeper coagulation. However, subsurface heating may lead to steam formation and a form of tissue disruption called steam popping. We determined parameters that predict steam popping and depth of tissue destruction under nonpopping conditions. A commercially available saline-linked surface RF cautery device (Floating Ball 3.0, TissueLink, Inc.) was used. Methods: One hundred eighty circular lesions were created varying in lesion diameter, duration, power, and inflow occlusion. Variables affecting popping were determined. Then factors influencing lesion depth were studied at fixed nonpopping diameter/power combinations (1 cm/10W, 2 cm/15W, 4 cm/60W). Tissue viability was determined in selected samples by staining of tissue NADH. Results: The probability of steam popping was directly related to power level and inflow occlusion, and indirectly related to lesion diameter. Depth of injury under safe nonpopping conditions was directly related to power, lesion size, and inflow occlusion. Maximum depth in excess of 20 mm was achieved using a 4 cm diameter at 60W with inflow occlusion. Microscopy of NADH-stained tissues showed a complete cell killing in the macroscopically visible coagulated area. Conclusions: Steam popping can be avoided by selecting power level/lesion diameter combinations. Tissue destruction to 20 mm can be safely achieved with short periods of inflow occlusion. The device has promise as a treatment of superficial tumors and close resection margins.
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(Ann Surg 2004;239: 518 -527) F ulguration of surface tumors using radiofrequency (RF) energy is a well-established technique. However, the depth of tissue destruction has been limited to a few millimeters because of charring of the surface at the point of electrode contact. Charring converts the surface from a good to a poor electrical conductor, and causes such a steep rise in the impedance (resistance) that current effectively ceases. This limits the depth of tissue destruction. Therefore fulguration has not been useful for solid organ tumors such as hepatic tumors.
Saline-linked surface radiofrequency ablation is a new technique designed to prevent surface charring. The strategy was first applied to catheter ablation of cardiac lesions. 1 The saline-linked RF device provides a continuous flow of saline, a good coolant, and electrical conductor that maintains the temperature of the surface below 100°C. Charring does not occur, and greater depths of tissue destruction are possible. However, although the surface is maintained below 100°C, temperatures in the subsurface may rise above 100°C. This can lead to steam formation and expansion and then to disruption of the surface. This undesirable side effect is called "steam popping." 2, 3 This study had 2 purposes. The first was to determine factors that lead to steam popping and, subsequently, to learn how to avoid it. Once safe nonpopping parameters were established, it was possible to pursue the second aim, which was to determine factors that affect the depth of tissue destruction. Of particular interest was the effect of inflow occlusion, which has been shown to extend the size of ablations induced by interstitial radiofrequency electrodes. 4 
METHODS
Female domestic "Yorkshirecross" pigs weighing 35-40 kg were used. General anesthesia was induced by a combination of Telazol® (4 -5 mg/kg), ketamine (2-2.5 mg/ kg), xylazine (2-2.5 mg/kg), and atropine (0.04 mg/kg). After intubation, general anesthesia was maintained with 2% isofluorane (Halocarbon Laboratory, River Edge, NJ). The abdomen was opened using a midline incision with bilateral subcostal extensions.
Lesions were induced by a handheld RF device that contains an embedded spring-loaded ball at the tip (Floating Ball FB3.0, TissueLink Medical Inc, Dover NH; Fig. 1 ). The ball is the active electrode. Saline is infused into the wand and escapes from the tip between the ball and its insulated housing. Saline perfusion rates were chosen that cooled the surface sufficiently to prevent boiling of the saline. These were determined in preliminary experiments. Saline perfusion rates were controlled by a peristaltic pump. Flow rates were adjusted according to power setting using the formula: Q ϭ (0.04 ϫ P) ϩ 1.2, where Q ϭ flow in mL/min and P ϭ power in Watts.
The RF generator used was a clinically available electrosurgical generator (Model Force X, Valleylab Inc, Boulder CO). Lesions were created by moving the wand in a continuous circular motion on the liver surface. After producing 15 hepatic lesions, animals were exsanguinated under anesthesia. The liver was excised and portions of lesions were flash frozen in liquid nitrogen and then transferred to a low temperature (Ϫ70°C) freezer. The frozen tissues were used for vital staining. Lesions were cut at right angles to the surface, measured, photographed and stored in formaldehyde. Depth of injury was measured from the center of the surface of the lesion to the bottom of the zone of coagulated tissue. Below the coagulated zone there was a thin zone of tissue that had a reddish hue, which was not included in the measurements.
Experimental procedures, animal care, and animal maintenance were approved by the Animal Studies Committee at the Washington University in St. Louis School of Medicine in accordance with the Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory Animals.
Determination of the Factors Affecting Steam Popping
Thirty different variations of size, power, and inflow occlusion were tested (Table 1) . Each set of variables was tested 3 times but never repeated in a particular animal. In all, 90 lesions were produced in 6 pigs. Inflow and noninflow lesions were created alternatively to permit recovery of blood flow to the liver between periods of inflow occlusion. Pigs had either 7 or 8 periods of inflow occlusion of up to 9 minutes alternated with 10 -15 minutes of no inflow occlusion. Circles of 1, 2, and 4 cm in diameter were marked out on the liver using precut circular forms. The saline linked RF wand was moved continuously over the surface in circular passes until popping occurred or until 9 minutes had elapsed. The placement of the lesions at a particular lesion size was random, but 4 cm lesions were placed more centrally on the liver than the smaller lesions.
Popping was characterized by sudden explosive disruption of the surface that left a crater (Fig. 2) . Preliminary experiments and theoretical considerations suggested that the chance of popping would be greater with increasing power, decreasing surface diameter and inflow occlusion. It was on this basis that the range of variables to be tested was selected (Table 1) . Nine minutes was chosen as the cutoff time because all instances of popping in preliminary experiments had occurred at shorter periods of treatment.
Factors Affecting Depth of Lesion
The results of the first portion of the study yielded safe nonpopping power levels, ie, power levels that were below the threshold for popping at each of the lesion diameters. These power levels of 10W for 1 cm lesions, 15W for 2 cm lesions, and 60W for 4 cm lesions were used throughout the second part of the study. Time of application of power varied from 1.5 to 15 minutes and inflow occlusion was used in one half of the lesions. Again 90 lesions were made in 6 pigs with each particular set of lesion parameters employed 3 times. Inflow occlusion, animal sacrifice, and handling of tissue specimens were as performed as described above. In the analysis of the data, nonpopping lesions from the first study were also used to examine factors determining depth of lesion.
Staining of Tissues
Selected specimens that were preserved in formalin were sectioned and stained with hematoxylin and eosin (H&E). Snap-frozen specimens, stored at Ϫ70°C were directly transferred without thawing to a cryostat, and serial sections were cut at 5 m onto lysine-coated slides. Viability was assessed by staining for activity of oxidate pathway enzymes by a modification of the Nottingham method (University of Nottingham Medical School Division of Histopathology; http://www.nottingham.ac.uk/pathology/protocols/ nadh.html) using nicotine adenine dinucleotide (NADH), as described by Scudamore et al. 5 A frozen section slide was incubated in a solution that contained reduced NAD (2 mg/mL; Sigma) and nitro blue tetrazolium (0.4 mg/mL; Sigma), for 30 minutes at 37°C. The sections were then fixed in 4% formalin for 15 minutes, rinsed in water, dehydrated in progressive alcohols and xylene, and coverslipped using standard mounting media. Adjacent cryostat sections of the tissue stained for NADH were stained by H and E.
Statistical Methods
The data were analyzed by analysis of repeated categorical data using generalized estimating equations. 6 
RESULTS

Study 1: Factors Affecting Steam Popping
Power, lesion size, and inflow occlusion influenced steam popping. The data for 45 lesions produced without inflow occlusion are given in Figure 3a ; power is plotted against time. The time point plotted on the y-axis of the graph for all lesions that did not develop steam popping is 9 minutes, which was the time a test was terminated if popping had not occurred. For lesions that did develop steam popping the time point plotted is the duration of applied power up to the moment that steam popping occurred. Steam popping occurred in 36 of 90 lesions. Thirty-five of the 36 lesions that developed steam popping did so within 2 minutes of onset of a test, whereas in 1 lesion the event occurred between 2 and 4 minutes. Therefore, no lesion developed steam popping between 4 minutes and the termination of the study at 9 minutes. The probability of popping after 9 minutes (if application of power been continued for a longer interval) is extremely low. The data for 45 lesion produced with inflow occlusion are shown in Figure 3b .
Effect of Power on Steam Popping
There was a threshold power for steam popping, ie, below a certain power popping did not occur in any of several lesions made. As power was increased above the threshold, steam popping was observed in some of the lesions produced at a particular power. As power was increased further, steam popping occurred consistently and at a shorter and shorter duration of applied power. For instance in 1 cm lesions, with no inflow occlusion steam popping was observed in 0/3 lesions at 20W, 1/3 lesions at 25W, 2/3 lesions at 30W, and 3/3 lesions at 40W. In 2 cm lesions there was no popping at 25W, 35W, or 50W but 2/3 lesions popped at 70W (17 and 38 seconds) and 3/3 at 100W (6, 10, and 10 seconds). Only 1 of 15 4 cm diameter lesions popped and that was at 90W and 120 seconds. These relationships are shown graphically in Figure 3a for 1 cm and 2 cm lesions. There was a significant relationship between power and the probability of popping in both 1 cm and 2 cm diameter lesions (P ϭ 0.006). Results for the 4 cm diameter lesions could not be examined statistically because of the small number of lesions that popped at this diameter.
Effect of Lesion Diameter
As lesion size was increased the tendency for steam popping to occur at a given power decreased. This is demonstrated in Figure 3a as a shift to the right of the curve for 2 cm lesions compared with 1 cm lesions (P ϭ 0.003) and is supported by the fact that there were so few popping events in the 4 cm diameter lesions at any power level tested. Increasing lesion diameter to 4 cm, therefore allows much higher powers to be applied without incurring the risk of steam popping.
Effect of Inflow Occlusion
Inflow occlusion shifted the curves shown in Figure 3a to the left as shown in Figure 3b . In effect, inflow occlusion lowers the power threshold at which steam popping will occur. This was most striking in the 2 cm diameter lesions. The curve for 2 cm diameter lesions was shifted relatively more than that of the 1 cm lesions so that the curves for 1 cm and 2 cm diameter lesions are no different when inflow occlusion is used. One might have also predicted an increase in steam popping for 4 cm lesions but in fact 0/15 popped, although the maximum applied power was 80W.
Power Threshold for Popping and Selection of Power Levels for Part 2 of the Study
The threshold for steam popping at a given lesion size is the highest power at which steam popping does not occur. Therefore for 1 cm diameter lesions without inflow occlusion that threshold lies between 20W at which popping was not seen (0/3) and 25W at which it was occasionally seen (1/3). For 2 cm diameter lesions without inflow occlusion the threshold is below 50W since 0 of 3 lesions developed steam popping at that power. However, with inflow occlusion 1/3 of 2 cm lesions popped at 25W. For 4 cm diameter lesions the threshold is between 70W (0/3) and 90W (1/3 at 120 seconds.). More precise definition of the threshold power would require more data points close to the critical threshold power. However, in terms of clinical utility the exact threshold is not needed, ie, it is irrelevant whether the threshold power for 1 cm lesions is 22W or 24W, because one would never actually want to approach that threshold. Stated otherwise, for reasons of safety a buffer between the threshold and the actual power used clinically would be desirable. Therefore, for the second part of the study very conservative power/diameter combinations were tested that were below the threshold for popping either with or without inflow occlusion: 10W at 1 cm diameter, 15W at 2 cm diameter, and 60W at 4 cm diameter.
Study 2: Factors Determining Lesion Depth Effect of Treatment Time on Depth of Injury Without Inflow Occlusion
Lesions produced at 10W/1 cm diameter were very superficial: usually 3-5 mm. Maximum lesion depth was achieved at the shortest time period tested: 4.5 minutes, ie, continuation to 15 minutes did not increase depth of injury (Fig. 4) . In other words, at the permitted power of 10W a superficial lesion is created rapidly and continuation for more than 4.5 minutes does not deepen the lesion. An example of a lesion produced after 15 minutes is shown in Figure 5a .
For the 15W/2 cm diameter lesions, 4.5 minutes was the shortest time period tested; the average depth of injury (n ϭ 3) was 1.7 mm (Fig. 4) . Average lesion depth increased to 3.6 mm in the lesions created over 6 minutes and did not increase further up to 15 minutes (Fig. 4 and Fig. 5c ). Increasing power increases the probability of "steam popping" for both 1 cm and 2 cm lesions (GEE P ϭ 0.003). In the absence of inflow occlusion, lesion size and power have independent, statistically significant effects on the probability of popping. GEE, generalized estimating equations. Because of overlap many of the 90 data points in the 2 graphs are not apparent.
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In the 60W/4 cm combination, the shortest time tested was 1.5 minutes and the average depth was 5 mm even after that short time interval (Fig. 4) . By 6 minutes, the average depth had increased to 10 mm, but longer treatment times up to 9 minutes did not deepen the lesion. Five of 9 lesions made over 6, 7.5, or 9 minutes exceeded 10 mm in depth (Fig. 4) , the deepest being 16 mm and the shallowest 7 mm. One of the lesions is shown in Figure 5e .
There was a tendency for the surface of the lesions to become depressed in relation to the surrounding liver tissue. This represents shrinkage of the tissue, likely due to dehydration. This is suggested by the microscopic observations. In other words even when steam popping does not occur there appears to be a more subtle and controlled formation of water vapor that escapes either through the surface or through the vasculature. Therefore, the actual depth of injury is probably greater than that simply measured from the surface of the lesion to its deepest point, ie, lesion depth is underestimated. It might be more accurate to estimate depth of tissue destruction by determining the vertical distance from the surface of the surrounding liver to the deepest point of the lesion.
Effect of Inflow Occlusion on the Depth of the Lesion
Inflow occlusion resulted in the production of much deeper lesions in each of the power/lesion size pairings (Fig.   4 bottom) . Lesion depth was approximately doubled. The depth of tissue destruction in 10W/1 cm diameter and 15W/2 cm diameter lesions was about 10 mm after 6 minutes or more of treatment whereas the corresponding value was 20 mm in the 60W 4 cm diameter lesions after similar periods of treatment. Plateau levels for depth of injury were noted at the 3 longest time points tested in all studies (Fig. 4 ). There were approximately 18 data points available for comparison at each of the 3 diameter/power combinations at the 3 longest time points tested, 9 in inflow occlusion experiments and 9 without inflow occlusion. In each of the 3 diameter/power combinations, there was no overlap between the data points for depth of injury with no inflow occlusion and inflow occlusion, ie, the difference was highly significantly different. Examples of lesions produced at the longest time intervals tested are shown in Figures 5b, d , and f. Note the much greater depth of injury in comparison to lesions created with similar parameters except without inflow occlusion (Figs. 5a , c, and e).
Effect of Power on the Depth of the Lesion
The effect of power was examined by using data obtained from both parts of the study. Data that were used from the first part consisted of the nonpopping lesions. Time of treatment was constant at 9 minutes. In the second part a number of lesions were also made over 9 minutes. All lesions produced at 9 minutes of treatment from both parts of the study could be used to plot of depth injury versus power. The widest range of powers tested with the most data points available were in the 4 cm diameter lesions with inflow occlusion (Fig. 6 ). This shows that there is a steep increase in the depth of injury as power is increased from 10W to 40W at which point the relationship plateaus. Of course, the effect of power on depth of injury is also apparent by comparing the lesions produced at the fixed power/lesion size pairings. Much deeper lesions were produced at 60W than at 15W or 10W, even though the surface area of the 60W lesions was much greater. Other possible variables affecting depth of injury were examined. The effect of watt-minutes, ie, energy (joules ϭ watt-seconds or watt-minutes ϫ60) and watt/min/area were evaluated. Depth of tissue injury is not closely related to total energy delivered, since low powers applied for long periods were not nearly as effective as high powers applied for short periods. For instance, in 4 cm lesions without inflow occlusion 10W applied for 9 minutes (90 Watt-minutes) resulted in an average lesion depth of 2.6 mm, whereas 60W applied for 1.5 minutes (also 90 Watt-minutes) resulted in an average lesion depth of 8.3 mm. Likewise depth of injury is not closely related to energy/area delivered as these values were much higher in the 10W/1 cm lesions than in the 60W/4 cm lesions. 
Other Findings
Completeness of Ablation as Estimated by Vital Stains
Upper Zone
At low power, the upper portion of the H&E section (Figs. 7A and 8A ) has a pale appearance; it also fractures on cutting and adheres poorly to slides. These features reflect the nonviable nature of the tissue, as seen in the parallel NADH section. In those sections (Figs. 7B and 8B ) the corresponding upper zone shows a complete lack of NADH staining. At high power examination in the nonviable upper zone of the H&E sections there was nuclear pyknosis, a lack of cytoplasmic definition, and loss of cellular adhesions (not shown). Sinusoidal diameter was markedly reduced in this zone, likely due plasma dehydration as a result of heating. The bile duct 
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Saline-Linked Surface Radiofrequency Ablation epithelium also demonstrated nuclear evidence of cell death. Large blood vessels appear somewhat intact architecturally, although NADH staining demonstrates no reaction in the endothelial cells, or in cells of the connective tissue layer, ie, the connective tissue structure remained but there were no living cells present. Intermediate Zone. A thin (approximately 1 mm) intermediate zone was present, which on the H&E sections appeared hyper-eosinophilic. Higher-power examination shows vascular congestion in this zone. This corresponded to the zone with the reddish hue seen macroscopically. There is a gradation of nuclear changes within the intermediate zone, from pyknosis to relatively normal nuclear morphology, as one moves from the border of the nonviable upper zone toward the border of the "normal" lower zone. There is also less cytoplasmic and cell cohesion disruption. There is decreased but present NADH staining in this region (Figs. 7B and 8B) . The upper zone of complete cell killing determined by NADH staining corresponded exactly to the zone of coagulated tissue that can be recognized macroscopically when a lesion is sectioned grossly. It is the depth of this zone only that is given in the measurements presented in this study. The intermediate zone corresponds to the thin reddish line of tissue just below the coagulated zone. Therefore the terms "depth of injury" and "depth of tissue destruction" used in this paper in respect to the upper coagulated zone are equivalent to depth of cell killing Lower Zone. This zone of viable tissue (Figs. 7 and 8 ) has a normal morphology by H&E staining and shows intense NADH staining.
Effect of "Large" Vessel Heat Sinks
In several instances lesions were fortuitously made over vessels 2-3 mm in diameter. The heat sink effect of these vessels was clearly seen when the specimen was sectioned. Note the distortion caused by the presence of these vessels on the right side of the lesion shown in Figure 9 , a lesion produced without inflow occlusion. Distortions in the extent of injury and killing can also be seen adjacent to vessels in tissue section shown in Figure 7b .
DISCUSSION
Saline-linked RF ablation was recently introduced into practice as a means of bloodless hepatic transection. However, when attempts were made to create ablations, with this instrumentation, steam popping was encountered. Furthermore, no systemic studies had been performed to determine the variables that affect depth of tissue destruction, and this is critical information for treatment planning. The original findings of this study relate to avoidance of steam popping, and definition of factors, which determine depth of injury. We also determined the relationship between the macroscopic appearance of the RF lesions and the extent of cell killing as determined by NADH stains. RF energy is delivered to tissues in the form of rapidly alternating electrical current, which causes to-and-fro movement of ions. The friction produces electrical heating, Electrical heating is dependent on applied power and decreases by the square of the distance from the active electrode. Heat around the active electrode is transferred to adjacent tissues by conduction. The same process results in cooling of the area of electrical heating itself. The effects of electrical and conductive heating are offset by blood flow through the heated region. Heat is transferred to the flowing blood by conduction and the heat passes into the general circulation. This process, referred to as convective cooling, cools the zone of ablation. Convective cooling limits interstitial RF ablation of the liver. 7 When a saline-cooled surface electrode is used a fourth process is introduced -surface cooling. Steam popping and depth of injury produced may be understood as a complex interplay of these 4 processes.
Steam Popping
When a standard ball-shaped RF electrode is applied to a surface, the electrical heating is greatest on the surface and surface temperature rapidly rises above 100°C. This desiccates and then chars the surface, raising electrical resistance. Current is shut off, because voltages are restricted on RF generators for reasons of safety and current will cease as resistance rises as per Ohm's law (V ϭ IR).
In a saline-cooled surface electrode, the surface temperature is kept below 100°C. Charring does not occur and current is maintained. The temperature in the subsurface is determined by how effectively temperature is increased by electrical heating as opposed to how effectively the subsurface is cooled by conduction and convection. Steam popping occurs most rapidly when the electrode is stationary. In preliminary experiments, not described here, using the same electrode in a stationary mode we have observed steam popping at power levels as low as 15W, ie, with the induction of relatively little electrical heating. In this situation the constant application of electrical energy (electrode area 0.06 cm 2 ) causes subsurface electrical heating that results in attainment of temperatures over 100°C with consequent steam formation, expansion and popping. When, in the present experiments, the electrode was moved over an area whose diameter is 1 cm (0.78 cm 2 ), steam popping was not observed at powers as high as 20W but was consistently seen at 30W. And when the electrode was moved over an area whose diameter is 4 cm (12.56 cm 2 ) steam popping was not observed at powers as high as 70W. In other words moving the electrode over larger areas permits much higher powers to be applied without steam popping.
A reasonable explanation for these observations is that moving the electrode effectively results in the equivalent of pulsed current delivery in the zone under a particular 0.06-cm 2 area, ie, the area of the electrode. Nakagawa et al have in fact demonstrated that pulsed current delivery in a stationary cardiac electrode produces deeper lesions without steam popping compared with continuous delivery of energy. 8 Moving the electrode away from a particular position stops electrical heating below that position and provides time for heat loss by conduction and convection. The result is that much higher powers may be used when the electrode is moved over a 
Annals of Surgery • Volume 239, Number 4, April 2004
Saline-Linked Surface Radiofrequency Ablation larger surface area by providing greater cooling time at a particular position. Inflow occlusion increases the tendency to popping because it stops convective cooling. Inflow occlusion had the most profound effect on popping in 2 cm lesions. In selecting sites on the liver surface to create lesions there is a tendency to place the smaller 1 cm lesions more peripherally on the liver. Possibly convective cooling is less effective in these sites. This could have lead to a greater shift in the threshold for steam popping in the 2 cm diameter lesions than in the 1 cm diameter lesions. However, other factors may also have been important. For instance, in 4 cm lesions the failure to see an effect of inflow occlusion on popping may have been due to the effects described above, ie, conductive cooling of the zone of electrical heating is great enough at this diameter that even inflow occlusion will not induce temperatures needed to see popping.
The histologic findings also explain why popping is not seen after 4 minutes. There is loss of water from the tissue by evaporation as the ablation proceeds. By 4 minutes the ablation was completed or nearly completed in most 1 or 2 cm lesions (ie, those most likely to pop). At that time steam formation is much less likely because the tissues are quite dehydrated.
Depth of Injury
Tissue death by RF ablation is dependent on the temperature attained and duration of maintenance of that temperature. For instance tissue death will occur after 30 seconds at 50°C, but is instantaneous at temperatures over 60°C. 9 The interplay of heating and cooling forces means that 3 zones will be present at the end of an ablation-a zone of non viable tissue in which temperature/time variables have reached conditions for tissue death, a zone of intermediate injury below the nonviable zone and a zone of apparently normal cells below the zone of intermediate injury. An important observation is that there were no islands of viable cells within the nonviable zone using the device as described. Also the zone of partial cell killing (intermediate zone) was very narrow. These are desirable features for a device that is to be used clinically.
The key to causing a deep injury is to apply a high power level, but one that does not cause steam popping. As noted electrical heating is dependent upon the to-and-fro flow of electrons, and this is directly related to current. Power is so important because the square of the current varies with power at a fixed resistance (P ϭ I 2 R). Therefore, current is 2.25 times greater at 15W than it is at 10W and 36 time greater at 60W than at 10W, given the same resistance. Consequently, much deeper electrical heating will occur when a high power is applied over a short time than when low power is used over a long time, ie, when the same energy is delivered. Also, conductive heating of adjacent zones will originate from a deeper layer of the subsurface. Deeper lesions were produced when the lesion diameter was increased. Lesion diameter does not directly affect depth of injury, but does so indirectly by permitting higher powers to be applied without steam popping. Inflow occlusion had a major effect on the depth of injury especially in the 4 cm diameter lesions produced at higher power levels. Thus inflow occlusion has potentially harmful and beneficial effects. It promotes steam popping in some cases by limiting loss of heat from the zone of electrical heating, but it greatly increases depth of injury by limiting heat loss from the same zone and the adjacent zones that are warmed by conductive heating. Inflow occlusion can be used without danger of steam popping if appropriate lesion diameter and power combinations are selected. The time of inflow occlusion required to produce a lesion 2 cm in depth is quite short and this is also a desirable clinical attribute.
There was some variability in depth of injury in lesions that were created using identical parameters possibly due to local tissue conditions, eg, blood flow at the liver edge may differ from that away from the edge. Also, creation of a lesion may result in increased blood flow to adjacent regions in which subsequent lesions are made. The lesions were created in a random fashion, so that the average depth is reflective of the parameters used, but the lack of complete uniformity in depth suggests that local factors may have some influence.
Clinical Application
When using the device it is important to recognize that safety, in terms of steam popping, is very dependent on constant, even movement over the entire surface area selected. The ball should contact but not be pressed into the tissue. If the operator is distracted and the device is left in a stationary position, popping is possible, since in effect a stationary lesion is being created, if only momentarily. Also if the operator favors one part of the overall area being painted, the possibility of popping is increased. If the movement is constant and even, popping will not occur at properly selected combinations of powers and lesions sizes as shown in this study.
The present studies provide the background for clinical trials of this device for oncologic purposes. At least 2 clinical uses can be envisioned. The first is to extend resection margins when they have been close to tumor in a liver resection. The second is to treat superficial liver lesions. It may prove to be useful as the sole method to treat superficial lesions that have a depth of one cm or less. Also it may have application as an adjunct to treatment of superficial parts of large lesions, which reach the surface of the liver. Treatment of such tumors by standard interstitial RF ablation is somewhat problematic, since the electrodes sometimes pierce the surface of the liver. Therefore, it may be difficult to be confident that tissue-killing temperatures have been reached at or just below the surface. Using the saline-linked electrode on the surface of such lesions to assure that the most superficial 1 cm is destroyed may have important clinical application.
